Experimental investigation of the light intensity distributions of a low-pressure glow discharge is carried out in several pairs of geometrically similar plane-parallel gaps, of which the aspect ratios and the products of the linear dimension and the gas pressure are the same. The discharge images are captured using a Charge Coupled Device camera, from which the corresponding axial light intensity distributions are presented. Based on the obtained light intensity distributions, the thicknesses of cathode fall layers were identified by measuring the distance between the peak glow position and the cathode boundary. The influence of the discharge current on the light intensity distributions on the geometrically similar gaps is also investigated. It was found that, for discharges in each pair of geometrically similar gaps, the reduced cathode fall thicknesses are observed to be identical when the discharge currents are the same. The similarity relation of the cathode fall thickness is validated for low-pressure glow discharges in gaps for different aspect ratios. Published by AIP Publishing.
I. INTRODUCTION
The similarity law of gas discharges has been investigated by many authors due to its powerful potential in parameter prediction in similar discharges. [1] [2] [3] [4] However, for different discharge conditions, including gas pressure, electrode geometry, power source, etc., the similarity relations are not always valid, which to some extent narrows the applications of the similarity law. In recent years, the validity of the similarity law for various discharge modes has attracted more attention from different groups. [5] [6] [7] [8] [9] There are many ways to investigate the validity of the similarity law, such as experimental measurements on external parameters (breakdown voltage, discharge current, etc.) and inner parameters (particle density, electric field, etc.), and numerical simulations. [10] [11] [12] [13] In the past few decades, Lisovskiy et al. focused on the breakdown voltages in plane-parallel gaps with different aspect ratios (d/r) and found that the breakdown voltages are not only the function of pd (gas pressure Â electrode separation) but also the function of gap's aspect ratio, which is an experimental investigation on the similarities of gas breakdown. [14] [15] [16] Ouyang and Wang's group investigated the validity of the similarity relations for low pressure discharges theoretically by using numerical simulations as well as some experimental diagnostics. [17] [18] [19] As is known, the discharge images and the light intensity distributions are useful information which can be used for knowing the discharge properties. [21] [22] [23] [24] To investigate on the similarities of stable glow discharges, Maric et al. studied on the cathode fall thickness of glow discharges in gaps with different pd values based on the light intensity distributions; [24] [25] [26] however, the gaps used in the experiments are fixed radius, regardless of the effect of the transverse dimension, which are not geometrically similar gaps and not fully complied with the requirements of similar discharges. In Ref. 27 , Sturges stated that under certain circumstances, a discharge will obey similarity relations, even though not all of the discharge dimensions are scaled. Bogdanov et al. investigated the low-pressure dc glow discharge with a fixed gap distance at 10 mm and electrode diameters ranging from 4 mm to 30 mm and found that the influence of the transverse dimension cannot be ignored when the aspect ratio of the discharge gap becomes larger. 28 These results in turn indicate that some of the previous studies on the similarity law with fixed radius electrodes might be insufficient. Since most of the experimental studies on the similarity law are actually one-dimensional results, the discharge images in geometrically similar gaps have been seldom reported. Thus, it is rather important to figure out the characteristics of discharges in geometrically similar gaps for a better understanding of the similarity law.
In this paper, the discharge images in geometrically similar gaps are captured using a Charge Coupled Device (CCD) camera, from which the light intensities are obtained and compared with each other in the axial direction in similar gaps. Based on the assumption that the position of the negative glow peak coincides with the edge of the cathode fall layer (CFL), the cathode fall thicknesses are identified. Considering the previous studies, in our experiments, the aspect ratio, d/r, is set to 0.5, 1, and 2 for different pairs of geometrically similar gaps. The reduced cathode fall thicknesses are observed to be identical when the discharge currents are the same. The light intensity in the larger gap at a a) Author to whom correspondence should be addressed: fuyangya@msu.edu lower pressure is weaker than that in the smaller gap at a higher pressure even though the light intensity distribution tendencies are similar. The influence of discharge current on the discharge images and the light intensity distributions is also investigated for the case of d/r ¼ 2 with the currents of 1 mA, 2 mA, and 3 mA, respectively.
II. EXPERIMENTAL METHOD
As is shown in Fig. 1 , the plane-parallel electrodes are used and placed in a vacuum chamber, and the edges, as well as downsides of the cathode, are Teflon wrapped to avoid a further expansion of the discharge to the cathode's backside. The experimental parameters of the plane-parallel gaps are shown in Table I . In each experimental number, Gaps A and B play as a pair of geometrically similar gaps with the same aspect ratio d/r. As Maric's experimental results, 25 which were based on the aspect ratio, d/r, from 0.407 to 1.148, with a fixed electrode radius, can resolute the deviations from the similarity law at low pressure, in our experiments, the aspect ratios of the geometrically similar gaps are set at 0.5, 1, and 2.
Before each experiment, the electrodes are mechanically polished and chemically cleaned with alcohol and acetone. Artificial air (20% O 2 þ 80% N 2 ) is chosen as the working gas. After being pumped to the ultimate vacuum ($10 À4 Pa) and flushed with working gas three times, the chamber is filled with synthetic air to a preset pressure measured with a calibrated gauge (VGC401) from INFICON. A direct current voltage source, whose output voltage could be continuously changed from 0 to 1000 V, is used to ignite and sustain the discharge between two electrodes. The discharge images are captured by using a CCD camera (NIKON D90) with an exposure time of 0.1 s for stable discharges. A typical glow discharge at low pressure is shown in Fig. 1(b) , and the axial light intensity can be obtained by using MATLAB image processing tools.
To identify the thickness of the cathode fall region, it often assumes that the position of the maximum light intensity corresponds to the edge of the cathode fall. This method allows us to determine the sheath boundary in visual which has been widely adopted by many authors. [24] [25] [26] [29] [30] [31] [32] Note that this assumption is based on a simple consideration of the electron energy and multiplication kinetics, which may not be accurate under the entire range of realistic conditions. However, for low-pressure short glow discharges, even considering the nonlocal effect of ionizations, it is appropriate to consider that the brightest point of the discharge corresponds to the cathode sheath boundary where the fast electron flux is still insignificant in the near-cathode region. 33 Actually, for the low-pressure dc discharges, the assumption has been previously confirmed by comparing the positions of the experimental light intensity maxima and theoretical light intensity maxima calculated from the Monte Carlo simulation. 25, 26 The experimental position of the light intensity peak and the simulation results were found to be in good agreement. Based on light intensity distributions, the cathode sheath thickness can be well determined with the accuracy of 0.1-0.2 mm. 29 In our case, the discharges are in the similar regime where the assumption for the cathode sheath boundary can be implemented. Therefore, the measurement of the cathode fall layer based on the light intensity distributions will guarantee correct comparisons between the results from the geometrically similar gaps.
III. RESULTS AND DISCUSSION
We first investigate the geometrically similar gaps with a small aspect ratio which indicates a nearly uniform electric field before breakdowns and then increase the gap's aspect ratio in the experiment as is shown in Table I . position of the negative glow peak coincides with the edge of the cathode fall layer. 24, 25 Based on this assumption, the cathode fall layer (CFL) can be figured out as is shown in Fig. 2(c) and the cathode fall thickness, d c , is defined as the length between the position of negative glow peak and the cathode. It can be seen that the glow peak position occupies the same proportion in the whole air gap from the cathode, i.e.,
where d c1 and d c2 are the cathode fall thicknesses in Gap A and Gap B. Combining the experimental condition,
with Eq. (1), we get the similarity relation of cathode fall thickness in the two geometrically similar gaps as follows:
which physically implies that the CFL will automatically adjust its thickness so as to keep pd c a constant when the gas pressure and gap length are changed. Obviously, the similarity relation of the cathode fall thickness is verified based on the light intensity distribution for the gaps with a small d/r at 0.5. Figure 3 shows the experimental results from geometrically similar gaps when d/r ¼ 1. The gas pressures for gaps A and B are 20 Pa and 40 Pa, respectively, and the discharge currents are 2 mA. The cathodes in Fig. 3 were completely covered by the discharges with lower currents. The thicknesses of CFL are almost the same in the two geometrically similar gaps. The light intensity distributions between electrodes for d/r ¼ 1 are similar to the results from d/r ¼ 0.5.
Based on the results in Figs. 2 and 3 , it was found that the similarity relation of the cathode fall thickness obeys the similarity law and the light intensities are always brighter in Gap B than in Gap A with the same discharge currents. For the diffused glow discharge in one fixed gas gap, the light emission is usually positively correlated with the discharge current, which indicates that the same discharge current will reproduce the same light emission. However, for the discharge in geometrically similar gaps, the same discharge currents will not accompany the same light emission. It can be explained by the different behaviors of excited atoms in the discharges. As is known, light emission in glow discharges is largely determined by the excited atoms including the metastable atoms. When the discharges are similar in two geometrically similar gaps, the theoretical relation for the excited atom densities is expressed as
where the parameters N exc1 and N exc2 are the excited atom densities in the larger gap (Gap A) and the smaller gap (Gap B), respectively; the scale-down factor k is the linear dimension ratio between geometrically similar gaps and here k ¼ 2 for Gap A and Gap B. For the metastable atom, due to the lifetime inversely proportional to the densities of ground atoms, the similarity relation is as follows:
where N m1 and N m2 are the metastable atom densities in the larger gap (Gap A) and the smaller gap (Gap B). Despite the different ratios in Eqs. (3) and (4), the emissions from excited atoms in the smaller gap should be much more frequent than in the larger gap, which explains the lower light intensity in the larger gap. Note that although some physical parameters are the same in similar discharges, the light emissions are not the same, even in the geometrically similar gaps. That is to say, similar discharges do not indicate that discharge images look similar, which is significant to the recognitions of similar discharges. Figure 4 shows the discharge images and the corresponding axial light intensity distributions in geometrically similar gaps with d/r ¼ 2 at different discharge currents. To investigate the influence of the discharge current on the light emissions, the discharge current is adjusted to 1 mA, 2 mA, and 3 mA. Due to the enlarged electrode separations, the bright glow emission also appears near the anode region. It can be seen that the normalized thickness of cathode fall (d c /d) in two geometrically similar gaps is still the same for the three cases and the peak glow positions (x/d) are at 0.795, 0.83, and 0.85, respectively. The pd c values for the three pairs of geometrically similar gaps are 0.41 Pa m, 0.34 Pa m, and 0.30 Pa m for the discharge currents of 1 mA, 2 mA, and 3 mA, respectively. The reduced cathode fall thickness decreases as the discharge current increases, which is also in agreement with the experimental tendency from Refs. 28-31. Similar to the results from d/r at 0.5 and 1, due to the reduced excitations, the light emission in Gap A (larger gap) is weaker than in Gap B (smaller gap). The increase in discharge current makes the cathode fall thickness compress; however, the CFL will automatically adjust its thickness so as to keep pd c identical in geometrically similar gaps. The similarity relation of the cathode fall thickness is proved valid for d/r ¼ 2 with different discharge currents.
It is worth noting that once the stable glow is formed, the electric field in the gas gap is no longer uniform due to the presence of the space charge effect. The motivation of this work is originated but different from our previous studies on the influence of electric field uniformity on gas breakdowns in Refs. 12 and 20. Although the static electric field is quite uniform with d/r from 0.5 to 2, the electric field in glow discharges at the steady state is distorted, especially in 
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Fu et al. Phys. Plasmas 24, 083510 (2017) the cathode fall region, and the electric field distortion cannot be roughly estimated from the d/r parameter. In this work, the similarity phenomenon was investigated in stable discharges in geometrically similar gaps of which the gap distance and electrode radius were adjusted at the same time keeping the aspect ratios unchanged. The cathode sheath thickness was determined at the cathode center since the similarities of the axial sheath thickness were focused. Actually, the cathode sheath boundary is not completely flat in the total tube cross section. In Ref. 28 , it was found that the sheath thickness remains approximately constant near the discharge axis, but it increases near the tube walls. The phenomenon is more pronounced with a smaller tube radius. In our situation, the curve of the brightest positions is flat in most of the tube cross sections according to the discharge images. It allowed us to determine the cathode sheath thickness at the cathode center from the axial light intensity distributions. Based on the current experimental results from the discharges in geometrically similar gaps, the similarity relation of cathode fall thickness was proved valid for d/r from 0.5 to 2 at different operating points, including the cases with different discharge currents. The structures of discharge images were found to be almost the same in two similar discharges. Therefore, it would be better to rigorously maintain the ratio d/r to achieve similar discharges.
IV. CONCLUSIONS
The discharge images between the two plane-parallel electrodes were captured in several pairs of geometrically similar gaps with the aspect ratios of 0.5, 1, and 2. From the discharge images, it was found that for two geometrically similar gaps, the light intensity in the larger gap at a lower pressure is weaker than in the smaller one at a higher pressure, which is due to the different number densities of excitations. It is worth noting that similar discharges do not indicate that discharge images look similar. The axial light intensity distributions for discharges in geometrically similar gaps were obtained from the discharge images. The cathode fall thicknesses of discharges were found to be identical in geometrically similar gaps for the aspect ratios of 0.5, 1, and 2. Increasing the discharge current compresses the cathode fall thickness. The CFL will automatically adjust its thickness so as to keep the pd c values identical in geometrically similar gaps. It was proved that the similarity relation of the cathode fall thickness is valid for low-pressure glow discharges in geometrically similar gaps based on the light intensity distributions.
